Abstract A data assimilative ocean circulation model is used to hindcast the interaction between a large Gulf Stream Warm Core Ring (WCR) with the Mid-Atlantic Bight (MAB) shelf and slope circulation. Using the recently developed Incremental Strong constraint 4D Variational (I4D-Var) data assimilation algorithm, the model assimilates mapped satellite sea surface height (SSH), sea surface temperature (SST), in situ temperature, and salinity profiles measured by expendable bathythermograph, Argo floats, shipboard CTD casts, and glider transects. Model validations against independent hydrographic data show 60% and 57% error reductions in temperature and salinity, respectively. The WCR significantly changed MAB continental slope and shelf circulation. The mean cross-shelf transport induced by the WCR is estimated to be 0.28 Sv offshore, balancing the mean along-shelf transport by the shelfbreak jet. Large heat/salt fluxes with peak values of 8900 W m 22 /4 3 10 24 kg m 22 s 21 are found when the WCR was impinging upon the shelfbreak.
Introduction
The Mid-Atlantic Bight and Gulf of Maine encompass the coastal region of the northeastern North America from Cape Hatteras to Nova Scotia. This region lies in the western boundary confluent zone, where the subpolar gyre and Labrador current/Scotia shelf waters move south, and the subtropical gyre and the Gulf Stream move north [Loder et al., 1998 ]. These currents and water masses interact at various spatial and temporal scales, and together constitute a unique setting for studying a range of important shelf-deep ocean interactions processes. Annual mean shelf transport estimated by Loder et al. [1998] shows that there is a systematic reduction in the alongshore transport, varying roughly from 7.5 Sv in the Labrador Sea to 0.7 Sv off Nova Scotia. There are further transport reductions as the Scotian shelf and slope waters enter the Gulf of Maine (GOM), and subsequently move into the Middle Atlantic Bight (MAB). Such equatorward transport is accompanied by complex cross-shelf exchange processes between the shelf water and the Slope Sea. Several processes have been identified but the most energetic one is the Gulf Stream Warm Core Ring (WCR, hereafter) interactions with the shelf/slope waters. For example, Joyce et al. [1992] indicate that a single ring acting near the MAB shelfbreak over a short time span (a couple of months) can account for the entire shelf-ocean transport and flux exchange over a year.
and provided a generalized schematic of the eddy-jet interaction process. Using long time series of satellite-derived sea surface temperature data and estimates of (a constant) vertical scale for the shelf water within the streamers, Chaudhuri et al. [2008] analyzed interannual variability of WCRs and produced estimates of shelf water entrainment. A number of modeling analyses have been conducted to address various dynamical aspects associated with WCRs. Chapman and Brink [1987] used a linear model to delineate the dynamics of an offshore eddy impinging upon a stratified shelf and slope. Wang [1992] applied a 3-dimensional nonlinear model to describe the evolution of cyclonic eddies and shelf/slope response. Wei and Wang [2009] used the Princeton Ocean Model to simulate the interaction of a Warm Core Ring with continental shelf and slope bathymetry in the Mid-Atlantic Bight by using quasi-realistic topography.
Indeed, understanding the detailed WCRs dynamics has been a long-standing research topic. With the presence of the shelfbreak front and jet [Gawarkiewicz et al., 1996 [Gawarkiewicz et al., , 2001 Linder and Gawarkiewicz, 1998; Fratantoni et al., 2001; Chen and He, 2010] steep topography, and large baroclinic gradients in the MAB, the WCR-induced exchange at the shelfbreak is highly complex and nonlinear, posing a great challenge to simulate it. While the model can typically get the general pattern of the WCR correct, mismatches in exact ring location and intensity between the model and observation exist. The recently developed Incremental Strong constraint 4D-Variational (I4D-Var) data assimilation algorithm [Moore et al., 2011a [Moore et al., , 2011b [Moore et al., , 2011c for ROMS allows observations to be dynamically ingested into the model, representing a major step forward in modeling complex hydrodynamic features like WCRs. In this study, we investigate the shelf circulation and the shelf/slope exchange processes during a Warm Core Ring event occurred in spring 2006, which is one of the most energetic WCRs observed in the last decade. In situ and remote sensing observations are assimilated using I4D-Var into a regional ocean model implementation for the Mid-Atlantic Bight and Gulf of Maine (MABGOM, thereafter). The structure of this paper is as follows: Section 2 provides a description of MABGOM model setup including a brief overview of the theory underpinning the ROMS I4D-Var system. The performance of the data assimilative modeling system is described in section 3. Section 4 discusses the evolution of the Warm Core Ring, detailed shelf/slope exchange processes introduced by the WCR, and vorticity diagnostics. Discussions and a summary are given in section 5.
Model and Configuration

Forward Model
The Regional Ocean Modeling System (ROMS) is a free-surface, hydrostatic, primitive equation model in widespread use for estuarine, coastal, and basin-scale ocean applications (www.myroms.org/papers). ROMS employs split-explicit separation of fast barotropic and slow baroclinic modes, and is formulated in vertically stretched terrain following coordinates using algorithms described in detail by Shchepetkin and McWilliams [2005] and Haidvogel et al.[2008] . A redefinition of the barotropic pressure-gradient term is also applied in ROMS to reduce the pressure-gradient truncation error. Our MABGOM model domain is bounded by Cape Hatteras in the southwest and Nova Scotia in the northeast (Figure 1) . The model's horizontal resolution is 10 km in the along-shelf direction, and 5 km in the cross-shelf direction. Vertically, there are 36 terrainfollowing levels in the water column with higher resolution near the surface and bottom in order to better resolve ocean boundary layers. We applied the method of Mellor and Yamada [1982] to compute vertical turbulent mixing, as well as the quadratic drag formulation for the bottom friction specification.
Open boundary conditions were defined by using 1/12 daily HYCOM (Hybrid Coordinate Ocean Model)
NCODA (Naval Research Laboratory Coupled Ocean Data Assimilation) output [Chassignet et al., 2006] . The Flather [1976] condition was used for boundary sea level and transport specifications. Because the current implementations of the ROMS tangent-linear and adjoint models do not allow for radiation boundary conditions, the clamped boundary conditions were used for the 3-dimensional boundary temperature, salinity and velocity. We employed a 5-grid-point sponge layer (with 5 time higher viscosity) near all three open boundaries to alleviate any wave reflections produced by the clamped conditions. Within the sponge layers, the climatological tracer nudging was also applied to relax temperature and salinity fields back to HYCOM solutions over a timescale of 1 day.
The HYCOM/NCODA data set has a systematic salinity bias on the shelf. As such, the data were corrected against the HydroBase [Curry, 2001] temperature and salinity climatology first before serving as initial conditions, boundary conditions as well as climatology. Specifically, the annual means of temperature and salinity from the NCODA data set were replaced by annual means from the HydroBase while the daily variations were retained. Similarly, the mean dynamic height (DH) and associated geostrophic transport (GT) were computed based on the HydroBase annual mean temperature and salinity. The resulting annual mean DH and GT at the boundaries were used to correct their corresponding mean values in NCODA.
Three hourly and 35 km resolution surface forcing data were obtained from the National Center for Environment Prediction (NCEP), North America Regional Reanalysis (NARR). Air-Sea fluxes of momentum and buoyancy were computed from the standard bulk flux formulas [Fairall et al., 2003 ] using the NARR archive including surface winds, air temperature, air pressure, relative humidity, short wave radiation, long wave radiation, cloud coverage, and precipitation. Surface net heat flux was further corrected using the 10 km resolution NOAA CoastWatch blended SST with a relaxation time scale of 0.5 day [Chen and He, 2010] . Fresh water runoff from nine major rivers in the region was also considered. These include the St Johns, Penobscot, Kennebec, Androscoggin, Merrimack, Connecticut, Hudson, Delaware, and Potomac Rivers. For each of them, United State Geological Survey (USGS) real-time river runoff measurements were used to specify freshwater volume transport.
The data assimilation experiment focused on a 2 month period from 1 April to 30 May 2006, but the nondata assimilative forward model simulation was integrated for 4 years from 1 January 2004 to 31 December 2007. MABGOM forward solutions were compared against extensive observations including coastal sea levels, satellite altimeter sea surface height, mooring and glider observed hydrography, and long-term mean shelf current times series. The low-frequency circulation variability were all reasonably captured, as demonstrated by the mean sea surface height (SSH) comparison in April-May 2006 (Figure 2 ). The model well resolved the Gulf Stream, the relative low SSH in the Slope Sea and relative high SSH along the coast which is related to the river runoff. The exact location of the Warm Core Ring/eddy was not simulated well compared to satellite observations. In particular, the mean eddy location in the forward model solution was located more to the southwest and closer to the Gulf Stream. Our goal was to apply data assimilation to improve the low frequency hydrodynamic simulation during this period to achieve better understanding of the dynamical processes associated with the MAB shelf circulation and the WCR. As such, tides were neglected in this study. 
4-D Variational Data Assimilation 2.2.1. ROMS I4D-Var
The ROMS 4-Dimensional Variational (4D-Var) Data Assimilation (DA) system includes the nonlinear forward model (NLROMS), the tangent linear model (TLROMS) and its adjoint (ADROMS). The system provides powerful toolsets for conducting various types of model prediction and analysis on complex ocean circulations [e.g., Moore et al., 2004 Moore et al., , 2011b Di Lorenzo et al., 2007; Powell et al., 2008 Powell et al., , 2009 Wilkin et al., 2008; Broquet et al., 2009 Broquet et al., , 2011 Zhang et al., 2010; Matthews et al., 2012] . Among which, the ROMS I4D-Var method applies the incremental formulation described by Courtier et al. [1994] . This method is based on the assumption that the increments are small compared to the background fields, in which case increments are approximately described by a first-order Taylor expansion of NLROMS and can be integrated forward in time by TLROMS and backward in time by ADROMS. A brief overview of the incremental method and important concepts are given below to aid discussions in later sections. More details on its implementation in ROMS can be found in Powell et al. [2008] and Moore et al. [2011a] .
Let us denote the model state vector as x, composed of the prognostic variables: the sea surface height f at all model grid horizontal locations, and the potential temperature T, salinity S, and the velocities (u, v) , at all model grid 3-D locations, such that x 5 (f, T, S, u, v) T , where superscript T denotes the vector transpose. We represent the NLROMS symbolically as (@x/@t) 5 M(x), where M denotes the model operators. The goal of 4D-Var is to identify the best estimate circulation, also referred as the analysis or posterior, namely x a (t). The solution x(t i ) of NLROMS will depend upon the choice of initial conditions x(t 0 ), boundary conditions b(t), and surface forcing f(t), all of which are subject to uncertainties. In 4D-Var, x(t 0 ), b(t), and f(t) are referred as control variables and define the control vector z, where z5
The 4D-Var problem is then reduced to identifying the appropriate combination of control variables that yield the best estimate x a (t) over a chosen time interval.
The estimate x a (t) is identified by minimizing a nonlinear cost function J NL, which is a measure of the squared difference between observations and the solution from the background NLROMS simulation, such that
where H is the nonlinear observation operator that maps the state vector to the observation points and y is the vector of observations. B and R are model background covariance and observation error covariance matrix, respectively, and their specifications will be discussed later. The incremental formulation of 4D-Var [Courtier et al., 1994] proceeds by linearizing the problem about the background which leads to the incremental form of the cost function J 5 J b 1 J o , given by:
where
is the control vector of increments and matrix G, is tangent linear model sampled at the observation points. The vector d 5 y 2 Hx is the innovation where H is the tangent linearization of the observation operator H. We seek the solution dz a , where dz a yields the minimum value of J. dz a is identified iteratively by solving a sequence of linear least squares minimizations (inner loops) repeated with periodic updates to the background about which G is linearized (outer loops). In ROMS 4D-Var, a conjugate-gradient (CG) algorithm based on Fisher [1998] is used to achieve the minimization. The numbers of outer loops and inner loops were fixed to yield a good estimate of the minimum of J. During each inner loop, TLROMS is used to propagate the increments forward in time to evaluate (2), and ADROMS yields the gradient of J, namely rJðdzÞ, which is used by the CG algorithm to identify dz a and the minimum of J. The best estimate dz a is identified at the end of the iterative process. In this study, ROMS 4D-Var was allowed to adjust the initial condition, boundary conditions, and surface forcing, such that the optimal increment dz a is applied to initial, boundary, and surface conditions after the minimization process.
Data assimilation can be performed within each of many sequential time windows that together span the entire analysis period (Figure 3 ), thus in each assimilation window the tangent linear approximation should be valid. At the beginning of each assimilation window, the best estimate initial condition x a ðt 0 Þ derived from the previous window (or directly given for the first window) is used to compute a forecast with NLROMS. This forecast provides the background trajectory or the optimal model trajectory when observational data are not available in the current assimilation window. In this study, the DA was done with overlapped assimilation windows and we will discuss that in section 2.3.2.
Observational Data
Observations from various different in situ and satellite platforms were assimilated in this study.
AVISO Sea Surface Height Anomaly (SSHA)
A merged product composed of data from TOPEX/Poseidon, Jason-1, Envisat, and GFO measurements. The gridded SSHA field is available every day with horizontal resolution of 1/3 . For our application, the anomalies are converted to the sea surface height by adding the 4 year (2004) (2005) (2006) (2007) mean sea level computed from MABGOM simulation. The AVISO gridded maps are based on optimal interpolations with realistic correlation functions. Comparing to along-track data ($10%), the merged product significantly improves the estimation of mesoscale signals [Le Traon and Dibarboure, 1999; Pascual et al., 2006] . Considering the uncertainty of the satellite altimeter product in the coastal ocean, we excluded SSHA data located shoreward of the 200 m isobath from the assimilation.
Blended SST Data
The SST product developed by the NOAA CoastWatch is a blended product of SST observations from GOES, AVHRR and MODIS satellites. This product is available every day from July 2002 to present with a horizontal resolution of 10 km. Figure 1 ). The Endurance Line is approximately 120 km long, generally extending from 20 m isobath to the shelfbreak. Hydrographic data are collected by Slocum Coastal Electric Gliders, which cycle from the surface to 3-5 m above the bottom while moving forward at an average speed of 24 km per day. The glider data [Castelao et al., 2008] used here are temporal averages of original Endurance line data. Six realizations (9, 15, 19, 22, 29 April and 20 May) of cross-shelf temperature and salinity data were assimilated.
Line-W CTD Data
Woods Hole Oceanographic Institution operates hydrographic surveys along Line-W, which is one component of a long-term climate observing system located on the continental slope south of New England ( The observations were averaged to form ''super observations,'' so that within each model grid cell and at each model time step there is no more than one observation of a given state variable. This procedure significantly reduces data redundancy, and the standard deviation of the observations that contribute to each ''super observation'' was used as a measure of the error of representativeness.
The observation error covariance matrix R i was chosen to be diagonal parameterization so that observational errors are assumed uncorrelated in space and time [Moore et al., 2011b] . Observational error was assigned as a combination of the variance of the measurement error and error of representativeness. While the error of representativeness was based on the variance of the super observations, measurement error variances were chosen independently of data source, which allows various weightings for different types of data [Broquet et al., 2009] . We chose measurement error of 0.02 m for SSH data, which is the precision of altimetry. Measurement error for blended SST was taken to be 0.4 C [Powell et al., 2008] . For in situ profile data, glider hydrography data and Line-W CTD data, measurement errors of 0.1 C and 0.1 were used for temperature and salinity, respectively. In this study, either the measurement error or the error of representativeness was used as observational error in R depending on which is the larger of the two. The spatial distributions of super observations of SSH, SST and UK MET office T/S profiles are shown in Figure 4 . SSH and SST on the first day of DA run (1 April 2006) are plotted, along with positions of all available in situ temperature and salinity profiles over the 2 month study period (1 April to 31 May). On 1 April, a large Gulf Stream meander had already formed and was located in the deep sea close to the continental slope. The sea surface height in the center of the meander was $0.6 m higher than the surrounding waters, whereas the surface temperature of the ring was $10 C higher than ambient slope water. The temporal distribution of super observations ( Figure 4) shows that the majority of observations that go into the DA system are satellite observed SST, which had a total of 574,817 realizations. Due to the lower spatial resolution ($1/3 ) and exclusion of coastal data, the total number of SSH realizations is 41,880. The in situ temperature and salinity profiles contribute 23,870 and 20,243 observations, respectively. The Endurance line glider survey provides 4932 temperature and salinity realizations, whereas the Line-W CTD casts yield a total of 966 observations. We note that while the T/S profile data are less in number, they provide vital subsurface information for data assimilation. influence on the data assimilation performance. B comprises the initial condition background (or prior) error covariance matrix B x , open boundary condition background error covariance matrix B b , and surface forcing background error covariance matrix B f . Each error covariance matrix can be modeled as
, where C is a univariate correlation matrix, P is diagonal matrix of error standard deviations, and K b is multivariate balance operator. In this study, we decided not to use the balance operator because it has its own set of technical complications. For example, the operator for the T-S relation and operator for free surface based on the level of no motion assumption are generally invalid in coastal ocean that we are dealing with in this study. The standard deviation P is computed on a monthly basis using the MABGOM forward simulation over [2004] [2005] [2006] [2007] . The univariate correlation matrix is further factorized as C5KL
is vertical (horizontal) correlation function, W is the diagonal matrix of grid volumes [Moore et al., 2011a] . The correlation matrices, L v and L h , with their associated normalization factors K, are computed as solutions of diffusion equations following Derber and Rosati [1989] and Weaver and Courtier [2001] . The length scales chosen for L v and L h represent the decorrelation scales from a typical increment, and are currently assumed to be homogenous and isotropic. In our setup, the decorrelation length scales used to model the B x were 50 km in the horizontal and 30 m in the vertical for all state variables. The correlation lengths of state variables for B b were chosen to be 100 km in the horizontal and 30 m in the vertical. The horizontal correlation scales for B f were set as 100 km for background surface tracer and momentum fluxes. Those values are comparable with Moore et al. [2011b] and are reasonable since the focus here is the WCR. because the Gulf Stream and WCR that we were targeting here are very nonlinear (with relative vorticity being > f). A short assimilation window will preserve the tangent linear approximation and effective control of model trajectories [Wilkin et al., 2008; Powell et al., 2008; Broquet et al., 2009] . We performed sensitivity experiments using longer assimilation windows, and confirmed that the 3 day window was a good choice to both effectively reduce the model-data misfits and achieve smooth model trajectories at the same time. Additionally, we also chose a 1 day overlap between assimilation windows (Figure 3) , so 3 days of observations were utilized during each window and the circulation at the end of the 2nd day serves as the initial guess for the next assimilation window. Through such overlapping, 2/3 of the observational data set was used twice, but in different assimilation windows, and no account is taken here of the correlation between the background error and observation error during day 3 of each cycle. This allowed us to utilize full 3 day data to provide a good constraint to model trajectories and start the next priors at the beginning of the 3th day for better initial conditions . During the assimilation period, a total of 30 windows of assimilation were performed individually and the posterior information can be carried over from one window to the next.
Assimilation Window
Choosing the numbers of inner and outer loops is a trade-off among computational cost, the level of convergence of the CG algorithm, and the need to update the cost function shape. Our sensitivity experiments revealed that using several outer loops had a weak influence on the cost function convergence, in that for a given total number of loops (i.e., the product of the numbers of inner loops and outer loops), the final cost function was similar regardless of the combination of inner and outer loops. In our case, we therefore chose 2 outer loops and 8 inner loops for each assimilation window. So the nonlinearity was updated one time during each assimilation windows to account for the nonlinear processes related to the WCR. We found that a total number of 16 loops were sufficient to yield a reasonable estimate of the minimum of J, in the sense that the rate of change in J indicated by the differences between its final value and the optimal solution is small (<1%) compared with the difference between the initial and final values of J.
Data Assimilative Model Performance
In this section, we demonstrate the performance of the data assimilative model, specifically subsurface hydrographic bias reduction and independent data comparisons. More details on the cost function reduction and surface error correction are given in Chen [2011] .
Reductions of Model Error
The model-observation error bias Biases between the model simulation and observed temperature and salinity, including T/S profiles from UK MET office, glider T/S along Endurance line and shipboard CTD observations from Line-W archive were computed to evaluate the model subsurface performance. Since most of the temperature and salinity data are located on the continental shelf (Figure 4) , we focused on the DA performance in the coastal region. The vertical profile of temporal (2 month) bias is shown in Figure 5 column salinity bias is reduced to $0.1 and the subsurface bias is reduced to <0.4. We note the bias reduction in salinity is not as dramatic as in temperature because the amount of salinity data is less than that of temperature for assimilation.
Time series of the total average bias ( Figure 5 , bottom) provides another view of the performance of data assimilation. The temperature bias in the forward simulation ranges from 22 C at the beginning of the study period to 2 C at the end of study period. Such drifting in temperature fields is effectively removed after data assimilation. Both the DA prior and posterior simulations show that the temperature bias is reduced to a much small range between 20.5 and 0.5 C. Similar improvement is evident for salinity. After data assimilation, the salinity bias is reduced to almost to zero over the entire assimilation period, as opposed to 0.2-0.3 in the forward simulation. Overall, these comparisons indicate that I4D-Var is effective in reducing the misfit between model and observations. Although most of data being assimilated are satellite observation (SST and SSH), the results show they also help to improve the model's fidelity in resolving the subsurface hydrographic structures.
Independent Data Comparison
A more rigorous evaluation of the data assimilative simulation can be achieved by comparing model fields with nonassimilated observations. The nonassimilated data in this case are temperature and salinity profiles measured by National Oceanic and Atmospheric Administration (NOAA) Northeast Fisheries Science Center (NEFSC) Ecosystem Monitoring (ECOMON) program. ECOMON focuses on the shelf-wide ecosystem monitoring, conducting hydrography and plankton surveys 6-7 times per year over the continental shelf between Cape Hatteras, North Carolina and Cape Sable, Nova Scotia. The data we used in this study are CTD observations from 3 April to 25 May 2006. Most of the casts are located in the Massachusetts coastal waters and near the Great South Channel (Figure 1 ). In total, 275 temperature and salinity profiles are available for comparisons. We sorted these temperature and salinity profiles in the time ascending order with profile 1 being data taken on 3 April, and profile 275 being data taken on 25 May 2006, respectively. The Temperature data show a clear seasonal warming trend over the 2 month period. The water column is nearly well mixed (being 4 C) in the first few profiles. The stratification starts to develop quickly afterward and by May, the surface temperature increases to $10 C. The forward model simulation tends to overestimate surface temperature and underestimate the subsurface temperature, producing a more stratified thermal structure. After data assimilation, we see the seasonal evolution is much better resolved and both the timing and magnitude compare favorably with in situ temperature data. The total temperature RMSE between forward simulation and ECOMON data is 1.5 C. In comparison, the total RMSE of temperature between DA posterior simulation and observation is reduced to 0.6 C, which is a $60% error reduction.
For salinity, ECOMON data indicate a seasonal freshening trend in the upper water column, which is presumably related to increased coastal freshwater runoff in the Gulf of Maine as the season progresses. The forward model simulation is able to capture this salinity feature but the magnitude is off by nearly 1 unit. After data assimilation, the refined circulation and fresh water flux contribute to the improvement of upper water column salinity field. The total salinity RMSE is reduced from 0.30 to 0.13, which is a 57% error reduction.
A more direct point-by-point comparison provides another way to highlight data assimilative model skill in reproducing nonassimilated temperature and salinity data ( Figure 6 ). Compared to the forward model simulation, the DA posterior simulation provides better agreement for both temperature and salinity. For temperature (salinity), the slope and intercept based on the linear fitting between observation and forward model simulation are 1.53 (0.67) and 22.77 (11.09), respectively. For DA posterior simulation, they are 1.0 (0.94) and 20.18 (1.87), respectively. Such comparisons against nonassimilated hydrographic data indicate the data assimilative model simulation significantly improves its prediction skill in both observational and model spaces, providing us the confidence of using its time and space continuous solutions to carry out further dynamical analysis.
Results
Evolution of the Warm Core Ring in 2006
The Warm Core Ring in this study is one of the most energetic eddies found in our study area in recent decades. Satellite imagery shows this large WCR was the result of a large Gulf Stream meander. Our data assimilative model hindcast solutions show that on 2 April 2006, a large Gulf Stream meander formed and the crest of the meander extended further northward into the slope region (Figure 7) . The meander contained a large sea surface height anomaly (about 0.6 m higher than surrounding slope waters), and warm and saline waters which began to alter the hydrographic conditions of the slope sea. Negative vorticity was clearly identified near the center of the meander. At this time, the surface outcrop of the shelfbreak front in the MAB [Linder and Gawarkiewicz, 1998; Bisagni et al., 2009 ] was close to the shelfbreak and oriented parallel to the local isobaths, suggesting that the direct impact of the meander had not yet reached the shelf region.
The meander continued growing in amplitude, and finally pinched off from the Gulf Stream in late April. On 22 April, the meander became a large detached WCR (Figure 8 ). The center of the WCR was located at 69 W, 38.8 N while the outer edge of the WCR ranged from 71 W to 67.5 W and 37.8 N to 39.8 N. At this initial stage, the temperature and salinity near the center of the WCR were about 20 C and 36, respectively.
The radius of the WCR was 96-120 km based on an estimate of the e-folding scale of the WCR's stream function, and the depth of the WCR was up to 1000 m based on an estimate of the e-folding scale of the subsurface temperature field ( Figure 9 ). The WCR extended completely across the continental slope region with an average azimuthal velocity up to 1.5 m s
21
. Warm/Saline WCR waters were advected toward the shelf on the western periphery while on the eastern periphery of the WCR, offshore transport of cold/fresh shelf water (i.e., the ''streamer'') [Garfield and Evans, 1987] was observed. The sea level anomaly and intensity of negative vorticity at the center of the ring both increased compared to the early phase of the meander.
By 2 May, the detached WCR moved further toward the northwest and began to move into close proximity to the shelfbreak (Figure 10 ). The center of the WCR was located at 69.5 W, 38.9 N, and the northern edge of the WCR reached onshore as far as the 80 m isobath (about 40.3 N). The size of the WCR decreased to a radius of 65-87 km, and the WCR significantly impacted the shelfbreak circulation. On the western side of the WCR, the leading edge of the warm/saline WCR waters intersected the shelfbreak as shown by the outcrop of the 34.5 isohaline crossing onto the shelf. A significant portion of WCR waters intruded on the shelf, becoming entrained into the shelfbreak jet and flowed southwest along the shelfbreak. At the trailing (eastern) edge of the WCR, the streamer was directed offshore. The entrained cold/fresh shelf water moved along the eastern periphery of the WCR and reached as far as the Gulf Stream northern boundary (about 200 km south of the 200 m isobath). The large velocity shear and interaction between the WCR and shelfbreak circulation also excited westward propagating frontal waves, similar to the situation described in Ramp et al. [1983] , introducing strong across-front flow.
On 9 May, the WCR retreated slightly to the southwest from the shelfbreak (Figure 11 ). The center of the WCR was at 69.3 W, 38.8 N. Without direct contact with either the topography near the shelfbreak or the Gulf Stream, the WCR shape became more circular, with a mean radius of 63 km. The warm/saline water mass entrained into the shelfbreak jet extended along the shelfbreak from south of New England to a position off the coast of Delaware, an alongshelf distance of 400 km. The entrainment of the WCR water mass significantly changed the shelf and shelfbreak hydrographic conditions. Further examination of the subsurface temperature and salinity fields near the shelfbreak (not shown) indicates this warm/saline water mass was about 50 m deep and its most onshore penetration was found near the 80 m isobath. This is the mean climatological position of the foot of the shelfbreak front off New Jersey [Linder and Gawarkiewicz, 1998 ]. With a mean temperature and salinity of 20 C and 34.2, respectively, this entrained water mass moved to the southwest at a speed of 0.6 m s 21 . During this phase of WCR interaction with the shelfbreak front, the frontal wave along the shelfbreak to the western side of the WCR became more pronounced. The wavelength is estimated to be around 120 km, which is much larger than the wavelength of 23 km for the case in Ramp et al. [1983] . We also note that the WCR in Ramp et al. [1983] is smaller than the WCR in this study. At this time, the entrained shelf water (streamer) can be clearly seen on the eastern side of the WCR. The relative vorticity field in the central WCR was more uniform (0.5 f), indicating solid body rotation. At depth (Figure 12 ), the 16 C isotherm rose to a depth of 200 m, compared to approximately 500 m on 22
April. The subsurface ($100 m) water mass had a maximum salinity around 35.5 while the surface water was fresher by about 1. This is consistent with findings described in Joyce [1984] and Joyce et al. [1992] and is related to the entrainment of fresh shelf water in the upper water column. The average azimuthal velocity at this time decreased to 1.3 m s 21 , suggesting spin-down of the WCR.
During mid-May, the WCR continued retreating southward to the Gulf Stream and decreased in size. By the end of May (Figure 13 ), the WCR had reattached to the Gulf Stream. The remnant warm/saline WCR water mass along the shelfbreak had already reached Cape Hatteras and moved offshore along the Gulf Stream [Ford et al., 1952; Fisher, 1972; Gawarkiewicz and Linder, 2006] .
Shelf/Slope Exchange
The main interactions between the WCR and the shelf/slope circulation occurred in the period from 22 April to 18 May 2006. The size and pinch-off location of the ring may be the factors that limit the duration of this interaction. Due to the WCR translation across the slope in late April and its interaction with the shelfbreak in early May, significant impacts on the slope and shelf hydrography and circulation were present in the model fields. The onshore advection of WCR water at the leading (western) edge and offshore advection of shelf water at its trailing (eastern) edge induced high levels of cross-shelf exchange. The presence of the 
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WCR acted as an along-shelf obstruction for the shelfbreak jet. As a result, a large streamer formed, advecting shelf water large distances offshore. In the following section, we quantify the shelf/slope exchange induced by the WCR and identify the timescale over which it occurs.
We first define a material boundary in order to calculate the exchange induced by the WCR. Considering the vertical extent of the WCR and the constraint imposed by the shelf bathymetry preventing WCR from penetrating further onto the shelf [e.g., He and Weisberg, 2003], we selected the 1000 m isobath for the volume transport calculation. The 1000 m isobath defines a $900 km boundary offshore of MAB from Cape Hatteras to Cape Cod (Figure 1 ). Posterior 3-D velocity fields were rotated into the normal and tangential components based on the local orientations of isobath. Then the normal component of velocity u N was integrated with local depth Z and along-isobath length S to yield the volume transport values according to:
In this analysis, we focused on the cross-shelf exchange during the time period when the WCR was near the shelfbreak, i.e., from 22 April to 18 May. The resulting spatial distribution of the cross-shelf transport was presented in Figure 14 . Consistent with the findings of Chen and He [2010] , the cross-shelf volume transport in the southern MAB was characterized by small mean values and large standard deviations. The impact of the WCR became more significant in the northern MAB (from offshore New Jersey to Nantucket Shoals, between 450 and 700 km), and the mean cross-shelf transport over this segment of the 1000 m isobath was onshore. The largest onshore transport is 0.5 Sv at this section where the leading edge of the WCR was present. The offshore transport was up to 1 Sv between $700 and $800 km, which was at the trailing edge of the WCR. We note the region of offshore transport was narrower than the region of onshore transport yet the transport magnitude was larger, suggesting the offshore velocity is much larger than the onshore velocity. Further examination of the modeled normal velocity fields across the 1000 m isobath (not shown) confirmed this and the maximum streamer velocity ranged from 0.2 to 0.7 m s 21 during the impingement of WCR.
It is important to evaluate the role of the WCR in changing the shelf water mass budget. We focus on the shelfbreak region directly impacted by the WCR (i.e., the 450-800 km portion of 1000 m isobath) to calculate total cross-shelf transport in the upper 200 m, which is typical of the maximum depth of shelf water. From 22 April to 18 May, the total cross-shelf transport was estimated to be 0.28 Sv. This is 1 order of magnitude larger than the long-term mean cross-shelf transport (0.035 Sv) estimated by Chen and He [2010] , and similar to the mean shelfbreak jet transport (0.2-0.4 Sv) reported by Linder and Gawarkiewicz [1998] and Fratantoni et al. [2001] .
The large entrainment of shelf water in the streamer can certainly change the temperature and salinity budget on the MAB shelf. The cross-shelf eddy heat and salt fluxes were estimated by calculating the integrated flux, U [Garvine et al., 1989; Gawarkiewicz et al., 2004; Chen and He, 2010] , such that:
For the heat flux, U is defined: 
For the salt flux, U is defined:
where S, T, and v are the salinity, temperature, and cross-shelf velocity, respectively. q is water density and C p the seawater specific heat. The variables with subscript m indicate the respective mean values (based on the 2004-2007 hindcast) along the 1000 m isobath. By definition, the cross-shelf fluxes are proportional to the eddy derivation of quantities and normal velocity from their mean states. The normal velocity is defined as positive seaward, so negative F(z) means onshore heat (salt) flux which is induced by offshore transport of cold (fresh) shelf water.
Again focusing on the region where the WCR is in close proximity to the shelfbreak, the portion of the 1000 m isobath between 450 and 800 km, we calculated daily cross-shelf heat and salt fluxes during the WCR period in the upper 200 m (Figure 15 ). Before the WCR approached the shelfbreak, the cross-shelf heat (salt) flux was relatively small and the normal velocity fluctuated between onshore and offshore. Starting in May when the WCR was impacting the shelfbreak, large cross-shelf heat and salt fluxes were introduced. The cross-shelf heat (salt) flux peaked on 3 May with values up to $8900 W m 22 ($4 3 10 24 kg m 22 s 21 ) and remained negative throughout the first week of May 2006. In the retreating stage of the WCR, while the heat (salt) flux was still onshore (negative), the values gradually became smaller. We note that Chen and He [2010] estimated the long-term mean onshore heat (salt) flux to be 1000 W m 22 (6.7 3 10 25 kg m 22 s 21 ) at the same region of the shelfbreak. Over a 1 week time scale for this WCR/shelf interaction event, the induced cross-shelf eddy heat (salt) increased by a factor of 6-9 compared to the long-term mean.
Vorticity Analysis
During the WCR interaction with the shelfbreak circulation and the subsequent spin-down of the ring, it is important to diagnose the vorticity evolution, and determine the processes responsible for changes in the vorticity. This analysis focused on the first week of May 2006 when the WCR was directly interacting with shelf/shelfbreak circulation. Starting with depth-averaged momentum equation, the depth-averaged vorticity equation can be written as follows [see Chen, 2011] for details of derivation):
Here H5h1f; M5ðu i and vertical integrated horizontal mixing terms are defined as: The term on the left-hand side of (7) is the time rate of change of depth-averaged relative vorticity. On the right-hand side, the first term, [Sarkisyan and Ivanov, 1971; Mertz and Wright, 1992; Cane et al., 1998; Guo et al., 2003; Sarkisyan, 2006] . The second term on the right-hand side of (7) (without the minus sign) is the advection of geostrophic potential vorticity f/H (APV) [Guo et al., 2003] ; the third and fourth terms are effects of stress and dissipation, respectively; and the last term is the nonlinear advection effect (ADV).
On 1 May, the center of the WCR, as depicted by the contours of sea surface height and negative vorticity, was located close to the shelfbreak. On 7 May, the center of the WCR retreated offshore, as shown by the negative rate of change just offshore of the shelfbreak (Figure 16c ). In this period, the impinging WCR induced significant cross-shelf exchange that is particularly large for the APV term. By definition, the positive APV represents onshore transport of low PV water while negative APV stands for offshore transport of high PV water. The positive APV near the leading edge (western side) of the WCR corresponds with the onshore movement of WCR water, while the large negative APV on the trailing edge (eastern side) of the WCR corresponds to the offshore movement. The APV and JEBAR are the two largest terms in the depth-averaged relative vorticity budget. They largely balance each other, indicting the combination of baroclinicity and sloping bottom topography can generate depth-averaged transport across planetary vorticity contours. The residual of JEBAR and APV (i.e., JEBAR-APV) contributed to the increase of vorticity around the periphery of the ring as the WCR moved away from the shelfbreak (Figures 16b, 16c, and 16f) . When considering the contribution to the evolution of relative vorticity, the nonlinear advection term is also a significant contributor (Figures 16g versus 16c ). This makes sense in that the movement of the WCR largely depends on the ambient circulation condition. The residual of APV and JEBAR, together with ADV dominate the change of relative vorticity of the WCR. The stress curl and dissipation terms (not shown) were much smaller during the period. We note that since the data assimilation performs sequential updates every 3 days, the evolution of the flow from 1 to 7 May is not completely consistent. The tendency computed from differencing the 1 to 7 May vorticity fields therefore needs not balance with other vorticity budget terms calculated on 4 May. Such residual is small however, as shown in Figure 16i . 
Discussions and Summary
The WCR plays a key role in the water-mass/heat/salt exchange processes between the shelf-deep oceans around the Mid-Atlantic Bight. The reliable estimation of the mass/heat transports associated with the WCR has been a very challenging problem. Well-designed ocean general circulation models basically represent the WCR-shelf interaction processes without the data assimilation (e.g., Figure 2) ; however, representation of the exact location, size, and intensity of the WCR is vital for the quantitative estimation of the watermass/heat/salt exchange processes. The present study solves the problem by effectively combining an eddy-resolving ocean general circulation model and various observation data using a state-of-the-art 4D-VAR data assimilation method. We focused on a large Gulf Stream Warm Core Ring event occurred in AprilMay 2006. Our MABGOM 4D-Var model assimilated mapped satellite surface height and surface temperature, in situ temperature and salinity data measured by CTD, XBT, and ARGO floats, as well as glider transect surveys. Through data assimilation, the model skill was significantly improved. The temporal and spatial evolutions of the WCR and its interaction with the shelf circulation were realistically reproduced.
In this study, the control variables adjusted by 4D-Var data assimilation include initial condition, lateral boundary condition, and surface forcing. We found that the adjustment of the initial condition is the most important in retaining the shape and intensity of the ring. The performance of data assimilation depends critically on the parameterization of the background error covariance matrix B. As a part of B, standard deviation errors of state variables were estimated based on intrinsic variability of the forward model [Powell 2014JC009898 et al., 2008 Broquet et al., 2009; Moore et al., 2011b] . Thus, the performance of the forward model is important because the extent to which the standard deviation derived from the forward simulation represents the realistic variability will directly impact the cost function and increments distribution. In our application, we had to use the clamped open boundary conditions for 3-D momentum and tracer variables to ensure the exact correspondence in set up between the nonlinear model and tangent linear/adjoint model. We also implemented a narrow sponge layer around the open boundaries, within which we imposed tracer nudging back to HYCOM temperature and salinity fields to keep the strong western boundary current in its proper position. More model sensitivity experiments need to be carried out as the tangent linear/adjoint model adapts more open boundary condition options, which can potentially allow us to improve the error covariance function specification based on the forward simulations. Another element in building B is the choice of horizontal and vertical decorrelation scales of state variables. Based on the typical characteristics of WCR, we used 50 km and 30 m for horizontal and vertical decorrelation scales, respectively, in this study. More sensitivity experiments on these scale selection are needed in the future.
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The observational error covariance R is another important element in the definition of the cost function and its minimization. If large observational errors are assigned, a relatively loose constraint is applied on model prediction, which may limit the model's ability in fitting observations. On the other hand, if observational errors are too small, they will likely exert a stronger than needed constraint on the model, resulting in excessive increments in control variables that could overperturb the ocean states and impair model performance. How to best define R is therefore an active area of research.
The length of the assimilation window needs to be optimal to guarantee tangent-linear approximation. We chose 3 day as the window for the assimilation. The Gulf Stream and its eddy system that we are targeting here are very nonlinear (with relative vorticity being > 1 f), a longer assimilation window may impair the tangent-linear assumption used by the adjoint model. The choice was also based on experience and lessons learned from an earlier ROMS 4D-Var application on the New Jersey shelf. In that subregional shelf modeling setup, 3 day was also used as the assimilation window (personal communication with Modeling Group at Rutgers University, also see their online documentation at: http://www.myroms.org/applications/ espresso/). We have performed sensitivity experiments using longer assimilation windows, and confirmed that 3 day window was a good choice to both effectively reduce model-data misfits and achieve smooth model trajectories at the same time.
The quality of data being assimilated also needs careful considerations. In our case, we excluded SSH data on the shallow (<200 m) shelf areas because errors of altimeter product in the shallow waters are known to be very large [e.g., Wilkin et al., 2008] . It is our experience as well that the gridded altimetry data can be used to represent the large-scale western boundary current correctly, but they are not suitable for inner and mid shelf circulation process studies due to large uncertainties in atmospheric and tidal corrections of altimetry data. However, the SSH data in the slope sea and Gulf Stream region still have larger impact on the posterior solutions comparing to SST data.
Despite all these difficulties and uncertainties, our study demonstrates the powerful utility of ROMS 4D-Var in simulating the Northeast U.S. coastal ocean circulation. The model skill is significantly improved via data assimilation. Over the entire 2 month study period, errors in SSH and SST are reduced by 79% and 65%, respectively (not shown). Significant model skill improvement is also evident when compared to subsurface observations. The good comparison with the independent ECOMON hydrographic data is particularly illustrative, showing the system's ability in refining the state variables in both observation and model spaces.
The motion of the large WCR in 2006 had a dramatic impact on the MAB shelf/slope circulation. The interaction between the WCR and the shelfbreak front and jet is in particular important because it controls crossshelf exchanges of physical and biogeochemical material properties. Considering the vast differences at the leading and trailing edges of the WCR, we can compare the cross-shelf structure across the shelfbreak front. Transects of mean temperature, salinity, and along-shelf velocity were calculated for the WCR period from 22 April to 18 May at both edges of the WCR (Figure 17 ). Along the western transect (top), warm/saline WCR water dramatically altered the typical hydrographic features at this time of year [Linder and Gawarkiewicz, 1998; Chen and He, 2010] . The thermocline sloped downward moving offshore (Figure 17a ). The impinging anticyclonic WCR led to a poleward movement of slope water and the shelfbreak jet was deflected further onshore (Figure 17c ). In comparison, along the eastern transect on the trailing edge of the Journal of Geophysical Research: Oceans 10.1002/2014JC009898 WCR (bottom), due to the entrainment and offshore transport of shelf water, the hydrographic isosurfaces were flattened (Figures 17d and 17e) . The most striking feature we note was the strong equatorward current on the shelf (Figure 17f) , which was at least 40 km wide and extended from the surface to nearly 200 m at depth. The transport in the shelf waters was 0.36 Sv, which is comparable to the mean shelfbreak jet transport. Our results are consistent with Gawarkiewicz et al. (2001] in that the shelfbreak front was steeper at the leading flank of the WCR and the front is flatter at the trailing flank of the WCR. The impact of the WCR on the shelfbreak circulation extended far downstream. Off New Jersey an enhanced shelfbreak jet was present (maximum along-shelf velocity of 0.4 m s 21 ) due to the enhanced cross-shelf gradients resulting from the intrusion of ring water.
A more complete picture of the impact of the WCR on the shelfbreak frontal circulation is depicted in Figure  18 . Before the impingement of the WCR, we can see from the subsurface map that the shelfbreak jet was a continuous flow running along the shelfbreak. During the impingement of the WCR, the shelfbreak circulation was dramatically altered. On the leading edge, the shelfbreak front was pushed onshore and the shelfbreak jet weakened. On the trailing edge of the WCR, the shelfbreak jet was diverted offshore due to the offshore entrainment of shelf water, essentially resulting in a shutdown of the shelfbreak jet.
Entrainment of shelf water has been reported in earlier studies [e.g., Morgan and Bishop, 1977; Garfield and Evans, 1987] . The footprint of entrained shelf water is not well understood due to the limitations of available observations. Previous observations revealed the shelf water accumulates around the periphery of a WCR adjacent to the maximum azimuthal velocity, where the azimuthal velocity is decreasing [Joyce, 1984] . Recent laboratory experiments [Cenedese et al., 2013] show that the offshore extent of the streamer depends on the relative strength of the maximum WCR azimuthal velocity relative to the maximum velocity in the undisturbed shelfbreak jet. Our results show the entrained fresh water on the shelf extended offshore at a distance of the radius of the WCR, and may have reached as far offshore as the Gulf Stream northern wall. We also note that after the detachment of the WCR from the Gulf Stream (and the cutoff of the supply of warm and saline Gulf Stream water to the WCR), the salinity near the center of the WCR was greatly decreased (Figure 11 ) as a result of entrainment of fresh shelf water. This is quite evident after the impingement of the WCR on the shelfbreak (Figure 12 ). Decreases in salinity within the WCR reduced the cross-shelf density gradient, and contributed to the spin-down of the WCR. The salinity in the core of the WCR did not increase again until the WCR reattached to the Gulf Stream ( Figure 13 ).
In summary, using a state-of-the-art 4-dimensional variational data assimilation technique, we performed a data assimilative modeling study on a large [Chen and He, 2010] . During the evolution and spin-down process of the WCR, the radius and intensity of the ring were both reduced. The advection of potential vorticity and joint effect of baroclinicity and bottom relief (JEBAR) were the two largest terms in the vorticity budget while the variation of relative vorticity of the WCR was largely controlled by the nonlinear advection effect. The combination of baroclinicity and sloping bottom topography (JEBAR) generated depth-average transport across the shelf, and led to vorticity change around the periphery of the ring as the WCR moved away from the shelfbreak. The entrainment of fresh shelf water into the center of the WCR led to the decrease of radial density gradients within the ring, and subsequently contributed to the spin-down of the WCR. The WCR retreated back to the slope sea and eventually was absorbed by the Gulf Stream.
Our study shows that a single large WCR can significantly alter the annual mean cross-shelf transport of mass, heat and salt. Fundamentally, understanding and predicting MAB shelf/slope exchange processes needs to resolve both the local frontal dynamics as well as eddy processes induced by the Gulf Stream and other deep-ocean forcing.
